The flavivirus NS2A protein is a small, multifunctional protein, involved in replication, virion formation and regulation of the innate immune response. Using the Kunjin strain of West Nile virus (WNV KUN ) we previously demonstrated that a single amino acid change from alanine to proline at position 30 of the NS2A protein (A30P) reduced viral cytopathicity in cells and virulence in mice. To further investigate functions of the NS2A protein we have substituted alanine at position 30 with different amino acids (A30 mutants) in a WNV KUN infectious clone. The virulence of mutant viruses in wild-type (WT) and IRF3/IRF7 double-knockout mice was influenced by the amino acid change and ranged from high to low in the order of WT.A30L.A30E.A30P/A30G. Moreover, infection of beta interferon (IFN-b)-deficient Vero cells with A30P virus showed less pronounced chromosomal DNA degradation and lower percentage of cells with positive TUNEL labelling than in WT virus infection, indicating a role for the WT NS2A protein in IFN-independent apoptotic cell death.
The genus Flavivirus of the family Flaviviridae contain over 70 members including important human pathogens such as Dengue virus, yellow fever virus, West Nile virus (WNV), Murray valley encephalitis virus, Saint Louis encephalitis virus, Japanese encephalitis virus (JEV) and tick-borne encephalitis virus (TBEV) (Lindenbach & Rice, 2001) . Flavivirus genome is~11 kb positive-sense ssRNA that upon translation produces a single polyprotein that is processed into three structural (C, prM and E) and seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) by viral and cellular proteases (Coia et al., 1988; Lindenbach & Rice, 2001 ). Flavivirus NS proteins are known to be involved in RNA replication, virion formation, cleavage of viral polyprotein, induction of virus-specific membrane structures and regulation of innate immune response (Ashour et al., 2009; Lindenbach & Rice, 1997; Liu et al., 2005; Nestorowicz et al., 1994; Patkar & Kuhn, 2008; Rossi et al., 2007; Westaway et al., 2003; Wicker et al., 2006) . In addition, encephalitic viruses from the JEV serogroup produce NS1', an extended version of NS1, which is the result of ribosomal frameshifting in the N-terminal region of the NS2A gene (Firth & Atkins, 2009; Melian et al., 2010) .
The flavivirus NS2A protein is~25 kDa, hydrophobic, membrane-associated protein shown to be involved in RNA replication (Mackenzie et al., 1998; Rossi et al., 2007) , membrane permeabilization (Chang et al., 1999) , virion formation (Kümmerer & Rice, 2002; Leung et al., 2008; Liu et al., 2003) , viral dissemination from mosquito midgut (McElroy et al., 2006) and regulation of host antiviral responses (Liu et al., 2005 (Liu et al., , 2006 . Our previous work demonstrated that a single amino acid substitution from alanine to proline at position 30 (A30P) of the NS2A gene attenuated virus virulence in mice and inhibited the virus' ability to downregulate type I interferon (IFN-a/b) production (Liu et al., 2006) . We also demonstrated that RNA sequence encompassing codon 30 in the NS2A gene was critical for the formation of pseudoknot interactions involved in the 21 ribosomal frameshifting, which leads to the synthesis of an extended NS1 protein product, NS1' (Firth & Atkins, 2009; Melian et al., 2010) . The A30P mutation disrupted pseudoknot interactions and resulted in abrogation of NS1' production (Melian et al., 2010) . Hence, the highly attenuated phenotype of the A30P mutant can be attributed to two factors: (i) lack of frameshifting/NS1' synthesis caused by changes in the RNA sequence/structure, and (ii) the effect of the A30P codon substitution on the properties of the NS2A protein.
Here, we extend our understanding of the functions of the WNV KUN NS2A by further investigating the role of alanine at position 30 of the NS2A gene in facilitating IFNindependent virus-induced cell death. During WNV KUN infection, IFN-a/b production increases, inducing the expression of a variety of genes involved in the inflammatory and immune responses as well as cell death (Diamond, 2009a, b; Koh & Ng, 2005; McAllister & Samuel, 2009; Scherbik et al., 2007) . Although cell death induced by WNV infection has been studied and a role for protein NS3 in apoptosis has been demonstrated for JEV and TBEV (Chu & Ng, 2003; Kleinschmidt et al., 2007; Koh & Ng, 2005; Prikhod'ko et al., 2002; Samuel et al., 2007; Yang et al., 2009) , processes and factors involved in WNVinduced cell death, including the potential role in it of IFNa/b response has not been clearly established. Here, we demonstrate a role for the WNV NS2A protein in virusinduced cell death independently of IFN-a/b response by showing the effect of different amino acid substitutions at position 30 of the NS2A protein on reducing the ability of corresponding mutant viruses to cause apoptotic cell death in IFN-a/b-response-deficient cells and to cause attenuation in mice.
To elucidate the significance of position 30 in the NS2A protein on viral properties, we introduced several codon changes in the full-length WNV KUN cDNA clone; A to G (A30G), A to L (A30L) and A to E (A30E) (Fig. 1a) . We also included silent mutant A30A' which produces wildtype (WT) NS2A protein but no frameshift and therefore no NS1' (Melian et al., 2010) , and hence constitutes a more appropriate control for A30 mutants. Based on RNA sequence/structure predictions and previous results (Melian et al., 2010) , we expected that all the mutations at residue 30 would disrupt formation of pseudoknot interactions required for 21 ribosomal frameshifting and abrogate NS1' production. To test the effect of mutations on NS1' production, we infected Vero 76 cells with WT and mutant viruses (m.o.i.55) and 18 h post-infection (p.i.) cells were pulse-labelled with 50 mCi of 35 S-methionine in methionine-free medium for 60 min, chased with unlabelled methionine for 90 min and lysed in 1 % NP-40 lysis buffer. NS1-containing proteins were immunoprecipitated with the anti-NS1 mAb 4G4, separated by SDS-PAGE and visualized on X-ray film as described previously (Melian et al., 2010) . Data shown in Fig. 1(b) indicates that all changes introduced at position 30 abrogated the production of NS1', as expected. In agreement with our previous observations with A30A' and A30P mutations (Melian et al., 2010) , absence of NS1' did not significantly affect accumulation of the A30 mutant viruses in the supernatant of several cell lines tested, including Vero76, 2fTGH and BHK cells (not shown). This indicates that the introduced mutations at position 30 of NS2A do not appear to affect RNA replication or virion formation/ secretion, unlike other mutations in the NS2A gene that have been shown to affect either RNA replication or virion formation/secretion (Kümmerer & Rice, 2002; Leung et al., 2008; Liu et al., 2003; Rossi et al., 2007) .
We then tested whether the introduced mutations had an effect on virulence in vivo using an established WT weanling (18-19 days old) mouse model of infection (Liu et al., 2006; Melian et al., 2010) . Intraperitoneal injection with as much as 10 5 p.f.u. of A30P or A30G viruses did not induce significant disease in 80 or 100 % of mice, respectively (Fig. 1c) . In contrast, 100 % of animals succumbed to infection with the same dose of WT and A30L viruses and 70 % died from infection with A30A' virus (Fig. 1c) . A similar trend was observed at a lower dose of 10 4 p.f.u., with 100 % mortality for WT, 80 % mortality for A30L and 50 % mortality for A30A' viruses. Only 20 % mice died from infection with 10 4 p.f.u. of A30G and A30E viruses and no mortality was observed for A30P virus (Fig.  1c) . Significantly, the mortality for A30L mutant (mutated NS2A protein but no frameshift or NS1') was mostly the same or higher than that for the WT and A30A' viruses, respectively. These data (Fig. 1c) and our previously published results (Melian et al., 2010) indicate that the lack of frameshifting (and its product NS1') in the A30 mutants has a rather minor effect on virulence. Thus, the results indicated that mutations at position 30 of the NS2A protein produced viruses with various degrees of virulence and that the degree of attenuation was likely to be influenced by the nature of the introduced amino acid in NS2A protein rather than the presence or absence of frameshift and NS1' production.
To determine virulence in type I IFN response-deficient mice we challenged adult (8 weeks old) mice deficient in interferon regulatory factors 3 and 7 (IRF3 2/2 7 2/2 mice) that have been previously shown to be severely impaired in IFN-a/b response and highly sensitive to WNV KUN infection (Daffis et al., 2009) . Similar to the results in weanling WT mice, A30G and A30P were also less virulent in IRF3 2/2 7 2/2 mice producing only 60 % mortality at 10 3 p.f.u., while 90-100 % of mice succumbed to infection with this dose of WT, A30L and A30A' viruses (Fig. 1d , right panel). At 10 2 p.f.u. differences in virulence were more striking with A30G infection inducing only 25 % mortality compared with 100 % mortality induced by infection with WT, A30A' or A30L viruses (Fig. 1d, left  panel) . These results indicate that the amino acid at position 30 of the NS2A protein has a distinct role in virus virulence in mice that is independent of its effect on frameshift and NS1' production as well as of its role in IFN-a/b response.
To further investigate a potential mechanism of the NS2A protein involvement in cell death independent of IFN response we employed mouse embryonic fibroblasts (MEFs) deficient in IFNAR (IFNAR 2/2 ); this eliminated a potential involvement of a whole cascade of IFN-stimulated genes. IFNAR 2/2 MEFs were infected with mutant viruses at an m.o.i.51 and cytopathic effect (CPE) was determined at 5 and 7 days p.i. Variations in the degree of CPE were observed between the mutants (Fig. 2a and 2b) . WT, A30A' and A30L viruses were highly cytopathic, while A30E, A30G and A30P viruses showed reduced CPE ( Fig.  2a and 2b) . The reduction in CPE did not appear to depend on the efficiency of mutant virus replication since cytopathic, less cytopathic and non-cytopathic viruses replicated with relatively similar efficiencies in IFNAR Amino acid substitutions at codon 30 of the NS2A protein affect virulence in mice. (c) Swiss outbred weanling mice were injected with 10 000 or 100 000 p.f.u. of WT KUNV or mutant viruses. Survival data for A30A' (n510) are provided for comparison with WT virus. Survival data for 10 000 p.f.u. for both A30A' and WT viruses published previously (Melian et al., 2010) . Statistically significant differences in mortality rates for different doses were observed between the following viruses: for 10 000 p.f.u.: WT (n55) vs A30P (n55) (P50.0027), WT (n55) vs A30G (n55) (P50.0027), and WT (n55) vs A30E (n55) (P50.0263), A30L (n510) vs A30P (n55) (P50.0092), and A30L (n510) vs A30G (n55) (P50.0241); for 100 000 p.f.u.: WT (n55) vs A30P (n55) (P50.0302), WT (n55) vs A30G (n55) (P50.0034), A30A' (n519) vs A30G (n55) (P50.0195), A30L (n55) vs A30P (n55) (P50.0013), A30L (n55) vs A30G (n55) (P50.0005), and A30L (n55) vs A30E (n55) (P50.0066). (d) Eight weeks old IRF3 "/" 7 "/" mice (Daffis et al., 2009) were inoculated intraperitoneally with 100 or 1000 p.f.u. of WT KUNV or mutant viruses A30A', A30L, A30P and A30G. Statistically significant differences in mortality rates for different doses were observed between the following viruses: for 100 p.f.u.: WT (n55) vs A30G (n55) (P50.010), A30A' (n55) vs A30G (n55) (P50.017), and A30L (n55) vs A30G (n55) (P50.028); for 1000 p.f.u.: WT (n510) vs A30P (n58) (P50.0065), WT (n510) vs A30G (n514) (P50.0001), A30A' (n513) vs A30G (n514)(P50.02), A30L (n56) vs A30G (n514) (P50.01). Statistical analyses for all mouse experiments were based on log-rank Mantel-Cox test. All mouse experiments in this study were conducted with the approval from the University of Queensland Animal Experimentation Ethics Committee and National Health and Medical Research Council of Australia guidelines for animal experimentation. Fig. 2c and 2d) . These results show that CPE induced by infection with WT, A30A' and A30L mutants and the reduction in CPE observed for A30P and A30G mutants are independent of IFN-a/b-induced response and further support the role for amino acid at position 30 in the NS2A protein in IFN-a/b-independent induction of cytopathicity by the WNV KUN .
MEFs (
To initiate studies on the mechanism of the NS2A-proteininduced cell death, we examined a potential role of this protein in virus-induced apoptotic cell death. First, we examined cellular DNA laddering caused by genomic DNA strand breaks in Vero76 cells infected with WT and A30P viruses (m.o.i.51). Seventy-two hours p.i. cells were washed with ice-cold PBS, harvested in lysis buffer (20 mM Tris, pH 7.5, 0.5 M NaCl and 1 % Triton-X), treated with RNase A (50 mg ml
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) and centrifuged at 9 300 g to pellet down nuclear fraction. Cellular genomic DNA was isolated from the nuclear pellet by phenol/ chloroform extraction and ethanol precipitation and visualized by ethidium bromide staining after running on a 1 % agarose gel. We found that genomic DNA laddering was not as pronounced in cells infected with the A30P mutant compared with that in cells infected with WT WNV KUN virus (Fig. 3a) . To quantify the extension of the genomic DNA damage during viral infection we performed a TUNEL (Terminal deoxynucleotidyltransferase-mediated dUTP Nick End Labelling) assay using an in situ cell death detection kit (Roche) in the nuclei of cells infected with WT, A30A' or A30P viruses at 7 days p.i. (Fig. 3b-d) . The percentage of WT and A30A'-infected cells showing positive TUNEL staining was two to three and 6.5 times higher than in A30P-infected cells at an m.o.i. of 1 and 10, respectively (Fig. 3c, d ). Transient expression of WT NS2A "/" MEFs (c) and accumulation of secreted virus (d) at 0, 24 and 48 h p.i. was determined by Northern blot with KUN RNA-specific probe and plaque assay in BHK cells, respectively, as described previously (Schuessler et al., 2012) .
protein alone did not induce cell death (not shown), suggesting that other viral proteins or other aspects of virus replication are required for NS2A protein to facilitate apoptotic cell death.
We showed previously that under the conditions of complete lack of IFN-signalling as in IFN-a/b/c receptor knockout mice, infection with A30P virus resulted in 100 % mortality (Liu et al., 2006) . However, in IRF3 2/2 7 2/2 mice A30P and A30G viruses were attenuated (Fig. 1d) , suggesting that IFN-related signalling (absent in IFN-a/b/c receptor knockout mice) and not IFN production (absent in IRF3 2/2 7 2/2 ) may be a key element determining the role of the WT NS2A protein in viral virulence in vivo.
Our results implicate that the WT and A30L NS2A proteins have an intrinsic ability to facilitate virus-induced CPE in infected cells and virulence in mice that other A30 mutants lack. Although it is not clear how this function of the NS2A protein depends on properties of particular amino acid at this position, it seems that the WT NS2A protein can perform its function in facilitating viral cytopathicity and virulence in the absence of IFN-a/b response and that the nature of amino acid at position 30 in the NS2A protein is essential for performing this function. Our studies in Vero76 cells suggest that the WT NS2A protein is likely to perform its function in facilitating virus-induced cell death by inducing apoptosis; however, further studies are needed to elucidate the exact mechanism of how NS2A facilitates virus-induced apoptosis. 
